This work concerns the preparation a nitrogen-doped TiO 2 by ionothermal synthesis methods and the photocatalytic studies. In this procedure, alkoxide was used as a titanium source, and a deep eutectic mixture of choline chloride and urea (molar ratio 1:2) served as a solvent and source of nitrogen. Different samples were synthesized varying the percentages of the eutectic mixture, titanium butoxide, and water, as well as temperature and reaction time. The catalysts were characterized by X-ray diffraction, Raman spectrometry, scanning electron microscopy, and diffuse reflectance spectroscopy. N-doping was confirmed by X-ray photoelectron spectroscopy. The photocatalytic activity of the N-TiO 2 nanoparticles was evaluated in the oxidation of N,N-dimethyl-4-nitrosoaniline (RNO) dye. The best photocatalytic activity under illumination by UV and visible light was found for the catalysts prepared under reflux in the presence of water, and for the catalysts prepared hydrothermally using intermediate percentages of the nitrogen source (the eutectic mixture).
Introduction
Human activities now generate a broad range of nonbiodegradable organic pollutants that requires physicalchemical treatments due to their significant environmental and human health impacts, as well as economic implications.
1,2
The techniques used for the treatment of effluents containing recalcitrant organic pollutants include advanced oxidation processes (AOPs) involving the generation of hydroxyl radicals (•OH). 3 Among the AOPs, photocatalytic degradation using stable photocatalysts (dispersed or immobilized) has been widely investigated for the oxidation of recalcitrant organics. Among the photocatalysts, TiO 2 is one of the most widely used due to its thermal stability, low cost, chemical inertness, and non-toxicity. [4] [5] [6] Despite the advantages mentioned above, TiO 2 is active only when irradiated with similar or higher energy than its band gap (~3.0 eV for rutile, ~3.4 eV for anatase and ~3.3 eV for brookite), which corresponds to wavelengths in the ultraviolet light (UV), therefore limiting its use in many photocatalytic applications. Therefore, one of the greatest challenges in the field of photocatalytic processes concerns the need to increase the spectral sensitivity of this photocatalyst to visible light, which is obtained doping semiconductor with non-metal and metal elements. 7 After the first literature reported for TiO 2 doping with N in 2001 by Asahi et al., 8 resulting in photocatalytic activity at wavelengths up to 540 nm, the N-doped TiO 2 material was used in visible processes for degradation of phenol, 9 methyl orange, 7 and rhodamine B.
11 Given the current state-of-art, 5, [12] [13] [14] it is highly desirable to identify new synthesis routes for TiO 2 doping in order to obtain visible light-active photocatalysts. TiO 2 , doped or not, has been synthesized using techniques such as sputtering, 15, 16 chemical vapor deposition, 17, 18 sol-gel process, 19, 20 hydrothermal process, 7 electrochemical methods, 21, 22 and, more recently, ionothermal synthesis. 23, 24 Ionothermal synthesis was referred for the first time in 2004 by Cooper et al. 25 to distinguish the synthesis carried out using solvents composed predominantly by ionic liquids (IL) or deep eutectic mixtures (EU) from hydrothermal preparations, which take place in a predominantly molecular solvent. To the best of our knowledge, there have been no reports in the literature concerning the use of ionothermal synthesis to dope TiO 2 .
The advantage of using ionothermal synthesis over other methods rely on the fact that it satisfies the requirements of "green chemistry", since IL and EU have important physical and chemical properties such as low vapor pressure, high thermal stability, non-volatility, non-combustibility, non-toxicity, and low melting point. These new classes of solvents are now used in the synthesis of nanocrystals of various metal oxides. 26 In our research group, an EU has been used simultaneously as solvent and template to synthesize aluminophosphates that have superior adsorption capacity. 27, 28 The aim of this work was to demonstrate that the ionothermal synthesis using a low cost eutectic mixture can be used to prepare nitrogen-doped TiO 2 
Experimental

Materials
The EU of choline chloride (Sigma-Aldrich) and urea (Synth), in a 1:2 molar ratio, was prepared by mixing the reagents in a beaker and stirring at room temperature until formation of a viscous and colorless liquid. Titanium butoxide (Sigma-Aldrich) was used as the source of Ti. Deionized water was used as a mineralizing agent in some of the syntheses.
N-N-dimethyl-4-nitrosoaniline (RNO) (Sigma-Aldrich) was employed in the experiments to evaluate the photocatalytic activity of the TiO 2 synthesized in this work, and P25 from Evonik 29 was also used for RNO oxidation. All reagents were analytical grade, and deionized water was used to prepare the solutions.
Preparation of N-TiO 2 at room and controlled temperatures
Prior to starting the synthesis of N-doped TiO 2 , a sample of pure TiO 2 (TO) was prepared by adding Ti butoxide and water, in the absence of EU. This sample was used for comparative evaluation of the effect of EU on the photocatalytic activity of TiO 2 . Subsequently, six different N-TiO 2 samples (RTO-1 to RTO-6) were synthesized under different experimental conditions, summarized in Table 1 . Most of the syntheses were carried out at high temperature, as preconized by the ionothermal method, but some synthesis were performed at room temperature in order to investigate the influence of temperature on the preparation method.
The syntheses were carried out in a round bottom flask filled with all the reagents. A condenser was used to reflux the volatile compounds. The reagents were heated and magnetically stirred. After reaction, the precipitate was separated by vacuum filtration and annealed in an oven at 500 °C (except for RTO-6), using a heating rate of 10 °C/min.
Preparation of N-TiO 2 in autoclave
In order to explore new possibilities for the synthesis and improvement of the TiO 2 doped with nitrogen, a set of syntheses were performed using an autoclave (samples ATO-1, ATO-2, and ATO-3). In all these experiments, the amount of titanium butoxide used was 10 mL. The reaction time and temperature were 24 h and 120 °C, respectively, and the heating rate was 10 °C/min. After reaction, the autoclave was washed abundantly with deionized water and the contents were transferred to a beaker for sonication for 5-10 min. Afterwards, the solution was vacuum filtered and the precipitate was heated in an oven at 500 °C for 1 h, using a heating rate of 10 °C/min.
Photocatalytic activity
The photocatalysts were evaluated in terms of their photocatalytic activity by means of the bleaching of a solution of RNO at an initial concentration of 2.0 x 10 -5 mol L -1
. RNO was chosen because it is a trap for hydroxyl radicals (•OH) and shows a high reaction rate, according to reaction (1) . 30 This compound is known to be a scavenger of •OH.
The absorbance of RNO at a wavelength of 440 nm was measured using an UV-Vis spectrophotometer (2100Pro, Amersham Pharmacia). The bleaching experiments were carried out in a jacketed batch reactor, using 500 mL of RNO solution and 250 mg of catalyst. Radiation was provided by a black lamp (Philips, 25 W) with maximum emission wavelength in 365 nm and a visible light lamp (Philips, 25W) with maximum emission wavelength in 545, 610, and 435 nm, respectively. The lamp was inserted in the center of the batch reactor, immersed in the RNO solution. The temperature was maintained at 26-28 °C using a thermostatic bath (Solab, SL 152).
Characterization measurements
The phase composition was determined using X-ray powder diffraction (XRD) patterns obtained with a Siemens D5005 diffractometer and Ni-filtered Cu Kα radiation (λ = 1.5418 Å), scanning from 2θ of 20° to 80°, at 10° min . Search Match software was used to indexed the crystallographic phase.
Powder morphology was characterized by scanning electron microscopy (SEM), using a Philips XL30 FEG microscope. Diffuse reflectance spectroscopy (DRS) spectra were recorded in the 200-800 nm spectral range, using a Shimadzu UV 3600 spectrophotometer. The power for DRS analyses were pressed to form a thin film.
Raman spectra were collected with a Model RFS100/S Fourier transform spectrometer (Bruker), using the 1064 nm line of a 450 W YAG laser, with 200 scans for each measurement, at room temperature. The nitrogen doping level was confirmed by diffuse reflectance spectroscopy (DRS), and X-ray photoelectron spectroscopy (XPS) (UHV system, UNI-SPECS, Berlin, Germany) with Mg Kα radiation (hν = 1253.6 eV), under vacuum (5 x 10 -7 Pa). The detector energy used was 10 eV.
Particle size distributions (PSD) and mean diameters were determined using a Mastersizer MAF 5001 (Malvern Instruments).
Results and Discussion
Characterization
Particle size distribution (PSD) and mean diameter
The PSD results ( Figure 1 ) represent the volume, in terms of percentage, of the sample corresponding to a specific particle diameter. It can be seen that the particles synthesized using the eutectic mixture presented much greater diameters than P25, which according to literature, has an average diameter of 50 nm. 31 The synthesized samples could be broadly divided into two large groups, one with diameters of 0.2-0.8 μm and the other with larger diameters of between 20 and 120 μm. In general, the TiO 2 prepared ionothermally showed coarser particles than P25 and TO, so the surface area exposed to light irradiation would be expected to be smaller.
Scanning electron microscopy
The micrographs obtained for samples RTO-1, RTO-2, and RTO-3 are shown in Figure 2 . Contrary to P25, whose particles are smaller and more homogeneous in size, 31 the images of the synthesized samples showed that the particles had no defined geometry and that the material formed was composed of particles with different granulometries (corroborating the PSD results), together with agglomerates of particles. Increase of the synthesis temperature from 25 ºC to 80 ºC (RTO-1 and RTO-2) did not affect the particle morphology, but the presence of water in the reaction medium (RTO-3) resulted in the formation of larger particles (Figure 1). The particles obtained under the other synthesis conditions presented morphology similar to that shown in Figure 2 , consistent with the literature 32, 33 and showing that doping with nitrogen did not alter the morphology of the TiO 2 .
X-ray diffraction
XRD was used to determine the crystalline structures and crystallite sizes of the TiO 2 samples. Figure 3A shows the diffractogram patterns for TO, ATO-1 and ATO-2 samples and Figure 3B shows the diffractogram patterns for TO, RTO-2, RTO-4, RTO-5 and RTO-6 samples. The XRD results for ATO-3 were similar to ATO-1 and the results for RTO-1 and RTO-3 were similar to RTO-2, thus they were not presented here. ATO-1 and ATO-2 ( Figure 3A ) presents only one crystallographic TiO 2 phase, identified by JCPDF 21-1272 as anatase. TO sample ( Figure 3A) revealed the presence of a mixture of phases identified as TiO 2 anatase and TiO 2 brookite (JCPDF 29-1360). RTO-5 and RTO-6 ( Figure 3B ) also presented the TiO 2 crystallographic mixture of phases. It is necessary to note that the main (101) diffraction peak of anatase (A(101)) at 2θ = 25.28° overlaps with the (120) and (111) peaks of brookite (25.34° and 25.69°). However, RTO-1, RTO-2, RTO-3 and RTO-4 samples presented only TiO 2 anatase phase, discarding the method influence in brookite formation.
TiO 2 polymorphs depend on diverse factors such as crystallite size, size distribution and contact area of the powder crystallites. The transformation of brookite to rutile occurs by calcination at elevated temperatures, directly or via anatase. 34 Watson et al. (2014) , 35 affirm that the formation of phase mixture between anatase and brookite is related to how the octahedral structure condensation in solution occurs. If three octahedral structures are bonded, a linear arrangement occurs and there is a tendency of rutile formation. If the octahedrons bond together at right angles, anatase formations occurs and when octahedron edge share a bond, anatase and brookite phase mixture occurs. 35 Two main factors in the ionothermal synthesis could influence in bond octahedral structures: reaction temperature and water presence. The syntheses of TO, RTO-1, RTO-4 and RTO-5 samples occurred in ambient temperature, inducing phase mixture formation. However, XRD pattern of RTO-1 did not show the presence of any brookite crystallographic peak. In this way, the formation of phase mixture was mainly influenced by water presence, since the syntheses of TO, RTO-4, and RTO-5 were carried out in presence of high percentages of water compared to others samples. Hence, it could be concluded that doping the TiO 2 structure with nitrogen did not affect its crystalline structure.
7,11
The XRD patterns were used to determine the crystallite sizes of the TiO 2 anatase phase and N-TiO 2 , applying the Scherrer equation: 
where D is the size of the crystal grain, K is a dimensional constant (0.9), 2θ is the diffraction angle employed, λ is the wavelength of the X-ray radiation (0.15418 nm), and is the width at half height of the diffraction peak (FWHM). The values of and θ were determined by means of the crystalline plane (101) of the anatase phase, corresponding to the most intense peak. The crystallite sizes of the standard TiO 2 and the N-TiO 2 samples are presented in Table 2 .
The sizes of the crystallites in samples TO, RTO-1, RTO-2, and RTO-4 were similar, indicating that changing the reaction temperature from 25 to 80 or 120 °C did not influence this property. Samples RTO-5 and RTO-6 showed smaller crystallite sizes, which could have been due to the lower calcination temperature, as observed previously by Sathish et al. (2005) . 36 The sizes of the crystallites obtained in the syntheses that employed an autoclave (such as ATO-1) . Samples RTO-1 to RTO-6 also presented anatase as the predominant phase, with bands located at 145, 397, 519, and 640 cm -1 . 6, 37 Despite the displacements of the bands, compared to the other samples, the Raman results supported the XRD measurements. The observed differences could have been due to the sensitivity of the Raman technique to differences in sample color. No differences were found between the doped and undoped samples, and no rutile or brookite phase bands were present in the Raman spectra. Hence, the Raman measurements showed that the doping process did not affect the crystalline structures of the samples, in agreement with the XRD results. 
UV-vis diffusive reflectance spectroscopy
As shown in Figure 5(a) , the DRS behavior of the samples could be directly related to the absorbance, with all the samples absorbing in the ultraviolet region at 200-400 nm (6.2 to 3.1 eV). The samples synthesized by the autoclave method (ATO-1, ATO-2, and ATO-3) showed greater absorption in this region. The RTO-3 sample showed an inflection region additional to the inflection related to the charge transfer energy barrier, in the region from 496 to 413 nm (2.5 to 3.0 eV), which could have been due to an energy level intermediate between the conduction band (CB) and the valence band (VB) of the semiconductor, caused by the doping process. This behavior was also observed for the samples synthesized in autoclave. The creation of an intermediate energy level could favor the photocatalysis process, due to the decreased band gap, although it could also hinder the same process, due to recombination of charges between the CB and the VB. In the visible region of the spectrum, from 400 to 700 nm (3.1 to 1.8 eV), the greatest absorption was shown by samples ATO-2 and ATO-3, indicating that there was an energy change after the doping process. The absorbance by the N-TiO 2 samples in the visible light region is of considerable practical importance, because these materials could become photoactive when irradiated with sunlight. 7 The values of band gap energy were determined from Finally, in order to compare the different samples, all spectra were normalized. Figure 5 (Table 1) were similar to those reported in the literature (3.2 eV). 7 The TO sample showed the greatest band gap, as expected because it was not doped. The RTO-6 sample exhibited a band gap higher than other samples due the presence of brookite phase (phase mixture anatase/ brookite). The samples synthesized by the autoclave method (ATO-1, ATO-2, and ATO-3) showed the smallest values. This narrowing of the band energy could be attributed to the effective incorporation of N in the TiO 2 structure, since there was clear evidence of the different behaviors of these materials in terms of the absorption of visible light radiation. The results were therefore indicative of enhanced performance in photocatalytic processes. 33 
X-ray photoelectron spectroscopy (XPS)
The influence of the synthesis method on the chemical composition of the doped samples was investigated using XPS survey spectra and high resolution Ti 2p, O 1s and N 1s spectra ( Figure 6 ). Only samples RTO-3, RTO-6, and ATO-2 were used in this analysis to confirm the incorporation of N and identify differences between the two synthesis methods. For all the samples, the survey spectra showed the presence of the elements Ti, O, and C, although the corresponding peaks were not pronounced, due to lower quantities of N. The Ti 2p spectra ( Figure  6(a) ) showed that all the doped samples presented two main peaks, attributed to the Ti (2p 1/2 ) and Ti (2p 3/2 ) transitions, with binding energies shifted towards 464.47-463.43 eV and 458.69-457.68 eV, respectively. 37 The Ti signal for the RTO-6 sample was shifted towards lower energies, compared to the other samples, indicating a modification in the chemical environmental, such as the presence of Ti-O-N bonds. 6 The Ti signals were similar for the RTO-3
and ATO-2 samples, indicative of differences between the RTO-3 and RTO-6 synthesis conditions. However, when RTO-3 was compared with ATO-2, the bulk structure and the Ti bonds were maintained, despite the very different synthesis conditions, and the doping process did not lead to differences in the chemical environments of the two samples.
Comparison of the O 1s spectra for the doped samples revealed no notable differences. The spectra were fitted using a Gaussian model and presented three main peaks for all the samples. The peak with lower binding energy (around 530 eV) was associated with Ti-O bonds. The intermediate binding energy peak (around 531 eV) was attributed to O=C bonds or O-H adsorbed at the sample surface, and the highest binding energy peak was assigned to O-C bonds. The presence of C bonds in the samples was due to the methods used to synthesize the samples and prepare them for the XPS analysis. However, there were no significant shifts of any of the O 1s peaks, confirming that the different synthesis and doping methods did not modify the O chemical environment in the doped samples.
The N 1s high-resolution spectra are shown in Figure  6(d) . For all the samples, an N 1s peak at around 400.5 eV was indicative of interstitial N doping and a substitutional N signal was present at around 399.5 eV. 6, 37 Despite being of low intensity, the N peaks confirmed that the proposed synthesis methods had enabled the incorporation of N in the crystalline structure. The RTO-3 and RTO-6 samples presented similar N 1s spectra, with two main N peaks (interstitial and substitutional). The ATO-2 sample showed the interstitial and substitutional peaks, together with an additional N peak at 401.9 eV, attributed to N-C-O bonds. Substitutional N has been reported to be the principal N state that contributes to band gap narrowing, due to the merging of N 2p and O 2p states in the valence band. 6 The RTO-6 and ATO-2 samples presented higher substitutional N, compared to interstitial N. However, the interstitial N could negatively influence the photocatalytic process, and it is possible that an ideal ratio of substitutional and interstitial N could lead to improved photocatalytic performance.
Photocatalytic activity
Prior investigating the photocatalytic activity, the RNO was tested towards photolysis, in absence of the photocatalyst, and the photocatalysts were tested towards adsorption, in absence of light. It was verified that neither RNO photolysis nor adsorption had influence on the photocatalytic process, even after four hours experiment. In order to compare the photocatalytic activity with TO or P25, only the photocatalysts showing the best bleaching kinetics under UV and visible were chosen (Figs. 7 and 8 ). = 0.9992) than achieved with the materials produced in the present work, which could be explained by the smaller size of the P25 particles, and consequently the greater illuminated area. Furthermore, the smaller particle size facilitated dispersion in the solution, which also contributed to an increased illuminated area. The average diameter of the P25 particles is 50 nm, 31 while the photocatalysts synthesized using EU contained a high number of particles with diameters in the region of 100 μm (Figure 1) . The findings demonstrated the importance of taking into consideration the particle size, and consequently the area illuminated, in analysis of the photocatalytic activities of different materials. In light of this, TiO 2 was therefore synthesized without doping, in an aqueous medium (TO), in order to obtain a reference material whose average particle diameter was close to that of the doped materials, hence enabling better comparison between the doped and undoped titanium dioxide.
Reflux syntheses
The results obtained in the photocatalytic degradation of RNO using UV and visible light are shown in Figure 7 for the photocatalysts synthesized under reflux. The best RNO decoloration was observed for the TO photocatalyst, Figure  7 (a) (k = 0.09852 min -1 , R 2 = 0.9892). As in the case of P25, this result could be explained by the smaller average particle diameter (50 nm) of the material, as previously discussed. Hence, an effective comparison could only be made between the photocatalysts synthesized by the ionothermal route, which showed similar PSD values. An important conclusion is that ionothermal synthesis produced photocatalysts with larger particles than obtained in an aqueous medium.
It can be seen from Figure 7A that only samples produced by ionothermal synthesis in presence of water and lower temperatures exhibit photocatalytic activity under UV illumination. Hence, it can be concluded that the samples presenting the phase mixture of anatase/brookite were more effective than anatase single phase for RNO degradation. The photocatalysis under visible illumination showed also the influence of phase mixture, with only phase mixture presenting photocatalytic activity. Pan and Jiang (2016) 38 showed that nitrogen doped brookite nanorods with active {120}, {111}, and {011} facets presented enhanced visiblelight photoactivity in photodegradation. RTO-6 was most efficient in the degradation of RNO, under both UV and visible light. In terms of the synthesis, the difference between the procedures used for RTO-5 and RTO-6 was that the calcination temperatures were 500 and 400 ºC, respectively. Dawson et al. (2014) 6 studied the effect of calcination temperature on the doping of TiO 2 with nitrogen and found that doping was more efficient at lower temperatures, with better photocatalysis results under visible light. The use of lower temperatures and longer synthesis times led to the substitutional introduction of N into the crystalline network of the TiO 2 . However, the XPS results ( Figure 6 ) showed that the photocatalytic activity of the material was not only influenced by the quantity of substitutional N, but also by the amount of interstitial N. The ratios between the two types of N in RTO-3 and RTO-6 were similar, although higher amounts of both were observed in RTO-6. Hence, the effect of decreased band gap promoted by substitutional N did not proportionally eliminate the effect of the interstitial N. It is important to consider that interstitial N was not related to decrease of the band gap.
The better result obtained using RTO-6 under visible light was clearly associated with the incorporation (by doping) of substitutional N in the TiO 2 structure, as shown from comparison of the XPS spectra for RTO-3 and RTO-6 ( Figure 6(d) ). The band gap was greater for RTO-6, compared to RTO-3, although diffuse reflectance analysis of RTO-3 ( Figure 5(a) ) showed the possible existence of intermediate energy levels between VB and CB. This could assist the process of recombination between photogenerated electrons and holes, hence decreasing the photocatalytic efficiency. Figure 8 shows the results for decoloration of RNO performed with the photocatalysts prepared using an autoclave. In contrast to the syntheses under reflux, in this case it was not necessary to add water to the reaction medium in order to obtain photoactive catalysts and, consequently, only TiO 2 anatase single phase were promoted. ATO-2 and ATO-3 showed similar photocatalytic responses under UV and visible light, with slightly higher activity for ATO-2. The ATO-1 showed very low photocatalytic activity under UV, and no activity in the visible region. Once again, the photocatalytic activity of ATO-2 in the visible region could be attributed to the N incorporated into the crystalline network of the TiO 2 , as shown in Figure 6 (d). The XPS results for ATO-2 confirmed that both the substitutional N and the ratio between substitutional and interstitial N were of great importance for the efficiency of the photocatalytic process, since the same sample showed similar amounts of the two types of N. The diffuse reflectance results for the samples synthesized by the autoclave method showed evidence of additional energy levels between CB and VB, indicative of the possible existence of electron/hole pair recombination centers in these samples under UV illumination. Hence, the lower band gap value obtained for the ATO-1 was not necessarily indicative of greater efficiency in the photocatalysis under UV light.
Autoclave syntheses
The ATO-2 showed better efficiency under visible light, which could have been due to the smaller band gap value, compared to the ATO-3, indicating that the energy levels generated by the doping could contribute to enhanced photocatalysis under irradiation at greater wavelengths. However, compared to the samples synthesized by refluxing, the excessive increase of the eutectic mixture in the reaction medium led to a decrease in photocatalytic activity. Besides the effect of N doping on visible activity, these results also revealed the crystallographic influence on the photocatalytic activity. Autoclave samples did not present the phase mixture of anatase/brookite and, consequently, the photodegradation under visible light was lower than for reflux samples.
Kinetic analysis
The plots of RNO decoloration against time for the samples that showed the best photocatalytic activities (shown in Figures. 7 and 8 ) were fitted using a pseudo-first order kinetic model. Exponential regression using the MarquardtLevenberg method was used to determine the first order kinetic constants (k), shown in Figure 9 . In all cases, the R 2 values exceeded 0.992. The results showed that better decoloration kinetics results were achieved for the samples synthesized under reflux than for those synthesized using an autoclave, for both UV and visible irradiation. Comparison of the XPS spectra for the RTO-6 and ATO-2 revealed that a greater amount of N was incorporated in the RTO-6, compared to ATO-2 (considering the areas of the spectra), especially in terms of substitutional N. This supported the hypothesis that an excessive amount of the eutectic mixture in the reaction medium affected the introduction of N into the crystalline network of the TiO 2 (in interstitial and substitutional forms), causing a reduction in photocatalytic activity. However, the greater amount of substitutional N in RTO-6, compared to ATO-2, was not reflected in a decreased band gap, with values of 3.19 and 3.35 eV obtained for ATO-2 and RTO-6, respectively. The lower value for ATO-2 was associated with a lower ratio between substitutional and interstitial N, and the decreased band gap alone did not lead to higher photocatalytic activity for ATO-2, compared to RTO-6. It is clear that additional factors, such as phase mixture anatase/ brookite, smaller particle size, smaller crystallite size, and greater effective illuminated area, amongst others, can act to enhance photocatalytic efficiency. It is not only important to have a small band gap value and a greater amount of N introduced in the substitutional form in the crystalline network of TiO 2 .
In the case of reflux samples presenting the phase mixture, the N doping in brookite enhanced the photocatalytic activity in UV and visible light when compared to samples containing only the anatase phase. Moreover, it was recently reported that brookite doped with N exhibited remarkably enhanced visible-light photoactivity. 38 
Conclusion
Nitrogen-doped TiO 2 was obtained by ionothermal synthesis performed using reflux and autoclave methods. Characterization using XPS and other techniques confirmed that doping of these new materials was achieved. Moreover, the photocatalysts synthetized by the reflux ionothermal method lead to higher photocatalytic activity due to doping in the phase mixture anatase/brookite.
Positive results were obtained in the removal of RNO under irradiation with both UV and visible light, although the efficiencies achieved were limited by the large sizes of the synthesized particles, compared to the standard materials used.
The findings should lead to new possibilities for the synthesis of TiO 2 doped with nitrogen using techniques that are inexpensive, easy to perform, and employ reagents that are less harmful to the environment.
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